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The response of seagrass systems to a severe disturbance provides an opportunity to
quantify the degree of resilience in different meadows, and subsequently to test whether
there is a genetic basis to resilience. We used existing data on levels of long-standing
disturbance from poor water quality, and the responses of seagrass (Zostera muelleri)
after an extreme flood event in Moreton Bay, Queensland, Australia. Sites were grouped
into high and low disturbance categories, in which seagrass showed high and low
resilience, respectively, as determined by measuring rates of key feedback processes
(nutrient removal, suppression of sediment resuspension, and algal grazing), and
physiological and morphological traits. Theoretically, meadows with higher genotypic
diversity would be expected to have greater resilience. However, because the more
resilient meadows occur in areas historically exposed to high disturbance, the alternative
is also possible, that selection will have resulted in a narrower, less diverse subset of
genotypes than in less disturbed meadows. Levels of genotypic and genetic diversity
(allelic richness) based on 11 microsatellite loci, were positively related (R2 = 0.58).
Genotypic diversity was significantly lower at highly disturbed sites (R = 0.49) than at less
disturbed sites (R = 0.61). Genotypic diversity also showed a negative trend with two
morphological characteristics known to confer resilience on seagrass in Moreton Bay,
leaf chlorophyll concentrations and seagrass biomass. Genetic diversity did not differ
between disturbed and undisturbed sites. We postulate that the explanation for these
results is historical selection for genotypes that confer protection against disturbance,
reducing diversity in meadows that contemporarily show greater resilience.
Keywords: resilience, genotypic diversity, seagrass, Zostera muelleri, disturbance
INTRODUCTION
The resilience of ecosystems to natural and anthropogenic disturbances is key to continued
provision of services to humanity and support for biodiversity (Carpenter et al., 2012). The
goal of enhancing resilience has thus been widely adopted in conservation management
(Hughes et al., 2013), and this approach drives the imperative to better understand the factors
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underlying resilience. Resilience has two central elements: the
capacity to resist change, and to recover after perturbations
(Hodgson et al., 2015). While evolutionary biologists have long
recognized the importance of genetic variation in supporting
adaptation to changing environments (Fisher, 1930; Endler, 1986;
Futuyma, 1986), the role of genetic diversity in promoting
resistance and recovery has been studied only recently (Arnaud-
Haond et al., 2010). Ecologists have begun to recognize the
importance of genetic and genotypic diversity in shaping
ecological characteristics, such as community diversity, structure
and function (Vellend and Geber, 2005; Whitham et al.,
2006; Hughes et al., 2008; Whitlock, 2014). Understanding the
ecological effects of genetic and genotypic diversity is crucial
for predicting how populations, communities and ecosystems
will respond to environmental change, with several recent
studies showing positive correlations between genetic diversity
and a range of ecological processes. For example, higher levels
of genotypic diversity, i.e., the number of distinct multilocus
genotypes in a population or sample, has been shown to increase
species richness of associated communities (Bangert et al.,
2005; McArt et al., 2012; Whitlock, 2014), increase productivity
(Crutsinger et al., 2006) and increase the recovery aspect of
resilience (Reusch et al., 2005).
Several studies have used genotypic diversity when looking for
positive effects of genetic diversity on ecosystem structure and
functioning. This is because genotypes reflect genetically distinct
individuals that may vary in ecologically important ways (i.e.,
they have distinct genomes and therefore vary across both neutral
and adaptive loci). However, neutral genetic diversity is not
always strongly correlated with adaptive diversity, and therefore
nor with ecological processes, but may become associated
indirectly through random genetic drift and migration acting at a
location (Vellend and Geber, 2005; Whitlock, 2014).
Seagrass meadows provide a range of valuable ecosystem
services, including carbon sequestration in underlying sediments
(Macreadie et al., 2014a), shoreline stabilization, nutrient and
sediment capture (Orth et al., 2006), habitat for economically
important fish and crustaceans (Nagelkerken et al., 2015), and
feeding grounds for turtles and dugongs (Heck et al., 2008).
Unfortunately, seagrass habitat is also particularly vulnerable to
human activities in the sea and in adjacent river catchments,
because of rapid urbanization and industrialisation of coastlines
around the world. Seagrasses have suffered very high rates of loss,
degradation and fragmentation globally (Waycott et al., 2009;
Short et al., 2011). While seagrass meadows often consist of
just one or a few species, it is thought that genotypic diversity
plays an equivalent role to species diversity in other ecosystems
(Hughes and Stachowicz, 2011; Massa et al., 2013; Jahnke et al.,
2015). Field and mesocosm studies have shown that higher
levels of genotypic diversity are positively related to several
ecological aspects, including: resistance (Hughes and Stachowicz,
2004; Massa et al., 2013; Evans et al., 2017), recovery (Hughes
and Stachowicz, 2004, 2011), productivity and faunal abundance
(Reusch et al., 2005), restoration success (Reynolds et al., 2012,
2013), mitigation of the effects of grazing (Hughes et al., 2010),
and the ability to cope with the effects of climate change (Reusch
et al., 2005; Ehlers et al., 2008). A meta-analysis of studies on
Posidonia oceanica showed that genetic diversity (allelic diversity,
genotypic richness, and observed heterozygosity) was weakly, but
significantly, associated with the extents of several disturbance
types, namely shipping, pollution, and cumulative impact (Jahnke
et al., 2015). A broader meta-analysis across multiple species also
found an overall positive relationship between genetic diversity
and resilience (Salo and Gustafsson, 2016). Given the ecological
and evolutionary importance of genetic variation to resilience
and a wide range of ecosystem services, it is crucial to understand
how levels of genetic and genotypic diversity determine the
response of natural populations to disturbance (Unsworth et al.,
2015; Connolly et al., 2018).
The seagrass of Moreton Bay, southeast Queensland,
Australia, provides a useful setting for testing the effects of
disturbance and the genetic basis of ecosystem resilience.
Seagrass meadows in Moreton Bay have been exposed to
widely divergent water quality since the forested landscape was
altered by agricultural and urban development from the time of
European settlement (Maxwell et al., 2015). The changing land-
use in river catchments on the western side of the bay has resulted
in long-standing water quality issues. Water clarity is reduced
seasonally by high concentrations of suspended sediments and
the proliferation of algae resulting from high nutrient loads
(Leigh et al., 2013). Meadows in the western bay adjacent to
the city of Brisbane have been greatly affected, and now cover
only a fraction of their former distribution (Leigh et al., 2013).
For the seagrass of Moreton Bay, we have existing estimates of
resilience based on detailed measurements of environmental
impact, ecological processes and biomass at 12 meadows of the
dominant species, Zostera muelleri, over the 12 months following
the flood (Maxwell et al., 2014). We also understand the links
between resilience capacity and key morphometric measures of
seagrass in the bay (Maxwell, 2014). Our aim was to test whether
meadows exposed to long-standing differences in disturbance
levels, and showing different capacities for resilience, differed in
levels of genotypic and/or genetic diversity.
The severity of the long-standing disturbance to seagrass
provides another advantage to the use of Moreton Bay seagrasses
as a model system. Previous studies have suggested that the
relationship between genotypic diversity and resilience is likely
to be non-linear and only evident in the most extreme cases
of disturbance (Arnaud-Haond et al., 2010). This suggests the
occurrence of a threshold below which the relationship between
genotypic diversity and resilience breaks down (Arnaud-Haond
et al., 2010). Given the loss and fragmentation of meadows in
the western bay, the environmental impacts can be considered
extreme and therefore provide a robust test of the genetic basis of
resilience.
MATERIALS AND METHODS
Study Rationale and Design
This study examines levels of genotypic and genetic variability
within and among Z. muelleri meadows in Moreton Bay
(Figure 1) for which the disturbance regime and measures
of seagrass resilience were previously established by
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FIGURE 1 | Seagrass sampling sites in Moreton Bay, Queensland, Australia,
showing high and low disturbance categories. The two ‘No Disturbance’ sites
(numbers 13 and 14) are treated as Low Disturbance throughout the paper,
but for these two sites there were no resilience measures. Numbering is
consistent with that in Maxwell et al., 2014.
Maxwell et al. (2014). Maxwell et al. (2014) used the response
of seagrass systems to extreme flooding in Moreton Bay as an
opportunity to test the interaction between the magnitude of
historical disturbances, rates of ecological processes involved
in critical feedback loops, measures of physiological and
morphological changes, and changes in seagrass biomass. The 12
sampled meadows are grouped into two disturbance categories
(see Figure 1 for map and site numbering):
(1) high disturbance sites had poor and fluctuating water quality
during summer months (wet season) over the previous
10 years due to riverine influence, quantified as high
turbidity and nutrient concentrations and low salinity (n = 6
meadows); and
(2) low disturbance sites had historically better water quality
during summer months with less riverine influence (n = 6
meadows).
Applying the measure of ecological resilience conceptualized
in Maxwell et al. (2016), resilience for each meadow was
quantified using a multivariate assessment of the rates of three key
processes (sediment suppression, nutrient removal, algal grazing)
and seagrass biomass through time. This process measure
FIGURE 2 | Measures of resilience and morphological characteristics of
seagrass in High and Low Disturbance seagrass meadows in Moreton Bay
(n = 6 in each category). (A) Resilience processes measure is a resistance
score (range –1.0 to +1.0) along the main axis in multivariate space based on
a combination of rates of three feedback processes (sediment suppression,
nutrient removal, algal grazing) and changes in biomass, as explained in
Appendix 1. (B) Biomass measured above and below-ground. (C) Chlorophyll
a concentrations in leaves. Data redrawn from Maxwell et al., 2014.
is detailed in Appendix 1. This multivariate measure clearly
showed that resilience was higher in high-disturbance meadows
than in low-disturbance meadows (Figure 2A, details in
Table Appendix 1). Several morphological characteristics of
seagrass are putatively related to resilience (Maxwell et al.,
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2015), and comparisons of characteristics between high and
low disturbance meadows in Moreton Bay showed that high-
disturbance, high-resilience meadows had on average higher
above and below-ground biomass (Figure 2B) and higher
concentrations of chlorophyll pigments (Figure 2C).
Sample Collection for Genetic Analysis
Samples for genetic analysis were collected from a total of 14 sites
(meadows) in Moreton Bay (Figure 1). Twelve sites are the same
as those shown in Figure 1 of (Maxwell et al., 2014), grouped
as 6 high disturbance and 6 low disturbance sites, for which all
seagrass variables and resilience measures are also available. Two
additional sites were sampled for genetics, in an area of Moreton
Bay that receives no riverine disturbance. Because these two sites
received no flood impact in 2011 the full suite of process and
morphological variables were not measured by Maxwell et al.
(2014) since no estimate of resilience can be made where there
is no disturbance at all. At each of the 14 sites, 15 samples were
haphazardly collected from each of three, 10 × 10 m quadrats
separated by approximately 100 m, for a total of 45 samples per
site. Each sample consisted of a single shoot and a small section
of rhizome. Samples were stored frozen prior to genetic analysis.
The genetic samples were collected in October 2013, not long
after the year of major flooding. However, the timing was not
particularly important for our hypotheses, given our intention
to test the effects of selection forces on seagrass under selection
pressures of several decades.
DNA Extraction and Genotyping
Genomic DNA was isolated from leaf tissue using DNeasy plant
kits (QIAGEN) following the manufacturer’s instructions. All
samples were genotyped using nine polymorphic microsatellite
markers previous developed for this species; NSWZos02,
NSWZos15, NSWZos18, NSWZos19, NSWZos23, NSWZos25,
NSWZos29, NSWZos38, and NSWZos46 (Sherman et al., 2012).
Microsatellites were amplified using a polymerase chain reaction
(PCR) conducted in 11 µL volumes containing; 10 ng of genomic
DNA; 5 µL PCR Master Mix (Qiagen, United States) and
4 µL primer multiplex (0.26 µM of each forward primer and
fluorescent dye, 0.13 µM of reverse primer). Thermal cycling
conditions for the PCR were; initial hot start at 94◦C for 15 min;
ten cycles of 94◦C for 45 s, 55◦C for 45 s, 72◦C for 45 s; ten
cycles of 94◦C for 45 s, 53◦C for 45 s, 72◦C for 45 s; 20 cycles
of 94◦C for 45 s, 50◦C for 45 s, 72◦C for 45 s; final elongation
at 72◦C for 15 min. PCR amplicons were electrophoresed using
an ABI 3130xl Genetic Analyzer, incorporating LIZ 500 (−250)
size standard (Applied Biosystems). Alleles were scored using
GeneMapper, v3.7 (Applied Biosystems).
Estimates of Genetic and Genotypic
Diversity
We calculated three genetic diversity estimates; allelic richness
(AR), expected heterozygosity (Nei’s (1978) unbiased estimate
HE) and observed heterozygosity (HO). Estimates of genetic
diversity were calculated using only unique multi-locus
genotypes as clonal reproduction may influence estimates of
population structure. Allelic richness was calculated per locus
and population, and standardized based on the smallest sample
size at a site (n = 13) in the program FSTAT 2.9.3.2 (Goudet,
2002). Observed and expected heterozygosity were calculated
using the statistical program GenAlex (Peakall and Smouse,
2012).
Genotypic diversity (R) was calculated as the number of
unique multi-locus genotypes (NG) relative to the number of
samples collected (N) and expressed as: R = (NG−1)(N−1) (Dorken
and Eckert, 2001) using the program Genclone (Arnaud-Haond
and Belkhir, 2007). Simpson’s diversity index D∗ was used to
determine clonal heterogeneity (D∗ = 1 − 6pi2), where pi
is the frequency of the multi-locus genotype detected in the
sample. This index describes the probability of encountering
distinct multi-locus genotypes when randomly taking two
individuals from the sample. Multi-locus genotypes can occur
through resampling of the same clone (asexual reproduction),
the recombination of the same alleles in different individuals,
somatic mutation or scoring error. The probability of identical
multilocus genotypes arising from different sexual reproductive
events was assessed by calculating the probability of identity, PID,
for each site across all loci (Waits et al., 2001) using the program
GenAlex (V6) (Peakall and Smouse, 2012). PID calculates the
probability that two individuals drawn at random within a
population will have the same multilocus genotype, and it can
be used to estimate the expected number of individuals with
the same multilocus genotype within samples. The probability
of identity (PID) calculated for each site was low, ranging from
PID = 8 × 10−5 at Site 6 to PID = 9.8 × 10−7 at Site 8, indicating
the marker system had a high degree of power to identify unique
multilocus genotypes.
Statistical Analyses
We first used regression analysis to test the relationship between
genotypic (R) and genetic diversity (AR/He/Ho). We then tested
for differences between high and low disturbance sites on each
dependent variable separately. We used a hierarchical ANOVA
with the main factor Disturbance having two, fixed levels (High
and Low). The 2 sites with no disturbance were included in
Low disturbance. The random factor, Site, was nested within
Disturbance, with 3 quadrats in each Site. Because R varied
significantly between levels of disturbance, we also regressed
seagrass morphological data against R, for the twelve sites
for which morphological measurements were available. This
analysis was done in two steps. First, we tested all morphological
variables together, using a multivariate linear regression. We
then analyzed each individual morphological variable in separate
regressions.
RESULTS
Levels of Genetic and Genotypic
Diversity
We genotyped 630 Z. muelleri samples from 14 sites across 11
loci. Overall, we ascertained high levels of genotypic diversity
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with a total of 397 unique multilocus genotypes detected across all
sites. A total of 116 replicate genotypes was identified. The largest
clone at any site showed a single genotype sampled 16 times.
Numbers of clones per site ranged from 5 to 10. Global genotypic
diversity was relatively low (R = 0.55), and ranged between 0.30
and 0.82 (Table 1). Levels of clonal heterogeneity across sites
varied from 0.99 to 0.83.
Levels of genetic diversity were similar across all sites
(Table 1). Mean number of alleles per locus across all sites
was 3.01 (1.50 Standard Error), and ranged between 2.21
(0.44) and 3.62 (0.94). Unbiased expected heterozygosity across
all sites was 0.42 (0.03), varying between 0.37 (0.12) and
0.48 (0.10). Observed heterozygosities were similar to expected
heterozygosities. Overall observed heterozygosity was 0.42 (0.03),
ranging from 0.36 (0.26) to 0.46 (0.10). There was no evidence
of inbreeding within any site with FIS values ranging between
slight heterozygous excess (−0.13, SE 0.06) and slight deficit
(0.07, SE 0.06).
Comparisons of Genotypic and Genetic
Diversity, Disturbance Categories and
Morphological Characteristics
Genetic diversity (AR) was significantly positively related to
genotypic diversity (Figure 3; R2 and p-values similar for 12 core
sites as for all 14 sites shown on figure), but genotypic diversity
was not significantly related to expected (He) or observed (Ho)
heterozygosity (p> 0.05).
Genotypic diversity (R) was significantly lower at highly
disturbed sites (R = 0.49) than at less disturbed sites
(R = 0.61 for all less disturbed sites, 0.59 for core sites
TABLE 1 | Summary of genotypic and genetic diversity measures for Zostera
muelleri in Moreton Bay.
Site MLG R AR Ho He Fis
1 19 0.41 2.79 0.42 0.39 −0.12
2 14 0.30 2.65 0.43 0.44 −0.03
3 18 0.39 2.88 0.41 0.41 −0.04
4 16 0.34 2.56 0.43 0.44 −0.02
5 33 0.73 3.54 0.46 0.46 −0.03
6 14 0.30 2.21 0.41 0.39 −0.13
7 30 0.66 2.92 0.42 0.41 0.07
8 37 0.82 3.10 0.37 0.41 0.07
9 36 0.80 3.27 0.39 0.40 0.03
10 19 0.41 2.98 0.43 0.43 −0.05
11 33 0.73 3.62 0.39 0.43 0.04
12 26 0.57 3.26 0.45 0.42 −0.06
13 37 0.82 3.14 0.42 0.37 −0.12
14 26 0.60 3.27 0.36 0.37 0.03
Total 397 0.55 3.01 0.42 0.42 −0.03
MLG, number of multilocus genotypes; R, clonal richness; AR, allelic richness; Ho,
observed heterozygosity; He, unbiased expected heterozygosity; Fis, inbreeding
coefficient. Site numbering follows Figure 1 in Maxwell et al. (2014) for sites 1 –
12, and the two additional undisturbed sites are numbered 13 and 14. Number
of complete genotypes per quadrat was standardized at 13 and thus 39 per site.
N = 45 at each location.
FIGURE 3 | Significant positive relationship between allelic richness (genetic
diversity) and genotypic diversity in seagrass meadows of Moreton Bay
(n = 14 meadows).
FIGURE 4 | Genotypic diversity (R) in seagrass meadows of Moreton Bay
(mean, SE), showing significantly higher diversity in low disturbance meadows
(p-value is for the main factor, Disturbance, in hierarchical ANOVA (n = 6
meadows for each of high and low disturbance; 2 additional meadows with
no disturbance shown slightly separated).
only: Figure 4, p = 0.029). R also varied among sites
within disturbance categories (nested factor Site: df 12,28,
F = 4.413, p = 0.001). For genetic diversity, neither AR nor
expected heterozygosity (He) differed between disturbed and
undisturbed sites (df 1,13, F = 0.65, p = 0.43 and df 1,13,
F = 3.68, p = 0.065, respectively), but AR varied significantly
among sites within disturbance categories (df 12,28, F = 2.33,
p = 0.032).
Genotypic diversity declined with two morphological
characteristics reported to be associated with resilience of
seagrasses in Moreton Bay in Maxwell et al. (2015) and Maxwell
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FIGURE 5 | Negative relationships between key morphological characteristics
of seagrass and genotypic diversity: (A) Above-ground biomass,
(B) Below-ground biomass, (C) Chlorophyll a concentrations. Below-ground
biomass is the only significant relationship at 0.05 level, but all relationships
are included because of the consistent negative trend.
(2014): seagrass biomass (both above and below-ground),
and chlorophyll concentrations (Figure 5). Overall, these
relationships were close to being significant (multivariate linear
regression: p = 0.053). When tested individually, one was
significant at the critical level of 0.05 (all p-values shown on
Figure 5), but the consistent negative relationship is important
to note.
DISCUSSION
The main finding of this study is that in Moreton Bay,
seagrass meadows subject to long-term disturbance show greater
resilience to a severe perturbation yet have lower genotypic,
but not genetic diversity. We interpret this to be a case of
highly disturbed sites having selected for a narrow range of
genotypes that are able to cope with the harsher conditions. The
trend of low genotypic diversity being associated with several
morphological fitness parameters supports the conclusion that
intense selection in disturbed populations has resulted in more
resilient genotypes.
Although a majority of previous studies examining seagrass
responses to stressors show a positive trend of higher diversity
providing a greater capacity to resist or recover (Jahnke et al.,
2015; Salo and Gustafsson, 2016), there are two examples that
also show a negative relationship between genotypic diversity
and the resilience of seagrass to disturbance (Diaz-Almela
et al., 2007; Arnaud-Haond et al., 2010). Lower mortality (i.e.,
increased resistance) in P. oceanica exposed to pollution from
fish farms was found to be correlated with lower genotypic
diversity (Diaz-Almela et al., 2007). A broader-scale study of 30
meadows of P. oceanica subject to a range of different stressors
showed the same trend of low genotypic diversity at more
resilient sites (Arnaud-Haond et al., 2010). These cases could
simply reflect successful competition by a limited number of
clones under high disturbance, as we are suggesting for the
findings from Moreton Bay. However, in both of the P. oceanica
studies, the lower genotypic diversity went hand-in-hand with
larger clone size (Diaz-Almela et al., 2007), and the presence
of widespread, dominant clones potentially provides superior
phenotypic plasticity or physiological tolerances and hence an
alternative explanation for greater resilience to perturbations
(Arnaud-Haond et al., 2010). The possible importance of clone
size in Z. muelleri in Moreton Bay is a topic worthy of further
testing.
Many other studies show a positive relationship between
genetic diversity and resilience of seagrasses to disturbances
ranging from warming water (Reusch et al., 2005; Ehlers et al.,
2008) to grazing and experimental removal of biomass (Hughes
and Stachowicz, 2004; Hughes et al., 2010). These studies
all used experimental manipulations either in the field or in
mesocosms. Such experiments typically are better able to control
the relationship between genetic and genotypic diversity, and
thus clone size (Arnaud-Haond et al., 2010). In contrast, the three
studies with opposing findings - the current study; Diaz-Almela
et al. (2007), Arnaud-Haond et al. (2010) – use what Salo and
Gustafsson (2016) term natural experiments, measuring genetic
diversity in meadows exposed to different levels of uncontrolled
disturbances over large scales in field settings.
One limitation of our large-scale natural experiment in
Moreton Bay is the lack of information on levels of genotypic
diversity prior to disturbance. The greatly increased disturbance
from deposition of riverine sediment since European settlement
is well cataloged (Leigh et al., 2013), but without the pre-
disturbance genetic data it is difficult to make strong inferences
about how original levels of genotypic diversity have changed,
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and how they determined resilience (Arnaud-Haond et al., 2010;
Hughes, 2010). Looking forward, one important consideration
is that while the intense disturbance history on some seagrass
meadows in Moreton Bay may have resulted in locally adapted
populations, the loss of genotypic diversity from these sites
may constrain their future adaptive potential (Antonovics, 1971;
Linhart and Grant, 1996; Tiffin and Ross-Ibarra, 2014). This
possibility comes with a major caveat, however, that at this stage
adaptive capacity resulting from sexual reproduction in Moreton
Bay is unknown. There are no records of seed production rates
or dispersal of Z. muelleri or any other seagrass species in
Moreton Bay. The only study of dispersal in Z. muelleri from
a resilience perspective is a test of recovery in small patches,
300 mm in diameter, from which seagrass had been removed;
no recovery from sexual reproduction occurred over the year-
long experiment (Macreadie et al., 2014b). Sexual reproduction
was demonstrably less important than asexual reproduction,
although care should be taken in applying conclusions from the
experiment by Macreadie et al. (2014b) in the temperate waters
of an estuarine lake to the subtropical waters of Moreton Bay. At
this stage, the role of sexual reproduction in adaptive capacity of
Z. muelleri in Moreton Bay remains an open question.
Our measure of genetic diversity, as for previous studies of
genetic diversity and disturbance in seagrass, uses a small number
of neutral markers. This technique cannot be expected to capture
the full adaptive potential of plants (Macreadie et al., 2014b;
Whitlock, 2014). With the recent publication of a draft genome
for Z. muelleri (Lee et al., 2016) and the development of more
affordable next generation sequencing approaches for non-model
taxa (da Fonseca et al., 2016; Sherman et al., 2016), it is now
possible to genotype individuals across a large number of single
nucleotide polymorphism (SNP) markers. Identification of SNPs
with signatures of selection, i.e., either directly under selection or
close to regions under selection, should in future make it possible
to assess the importance of genetic diversity on adaptability of
populations of clonal organisms and better understand the role of
genetic versus genotypic diversity for resilience (Savolainen et al.,
2013).
The responses of seagrass in Moreton Bay have provided
an informative test of the role of genotypic diversity. Our
interpretation of how genetic structure is affected by disturbance
benefitted substantially from past studies of morphometric and
physiological responses of seagrass to stressors in the bay.
In terms of understanding the mechanisms through which
genotypic diversity influences resilience (Hughes et al., 2008),
Moreton Bay is now well placed for using transplant experiments
to test for local adaptation (Gibson et al., 2016; York et al., 2017),
and mesocosm experiments to test the range of physiological
tolerances of genotypes from highly impacted versus less
impacted sites.
AUTHOR CONTRIBUTIONS
RC, TS, PSM, AO, PIM, and CS conceived, conceptualized, and
interpreted the project, and revised and edited the manuscript.
PSM and AO collected the field data. TS and CS ran the
laboratory analyses. RC, CS, TS, and PSM performed the
statistical analyses. RC and CS wrote the manuscript. RC and CS
acquired funding.
FUNDING
Funding was provided by Gold Coast Waterways, Australian
Rivers Institute, and Deakin University’s Centre for Integrative
Ecology.
ACKNOWLEDGMENTS
We thank K. Jinks for assistance with statistical analyses.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.00894/
full#supplementary-material
REFERENCES
Antonovics, J. (1971). The effects of a heterogeneous environment on the genetics
of natural populations. Am. Sci. 59, 593–599.
Arnaud-Haond, S., and Belkhir, K. (2007). GENCLONE: a computer program
to analyse genotypic data, test for clonality and describe spatial clonal
organization. Mol. Ecol. Notes 7, 15–17. doi: 10.1111/j.1471-8286.2006.01522.x
Arnaud-Haond, S., Marbà, N., Diaz-Almela, E., Serrão, E. A., and Duarte,
C. M. (2010). Comparative analysis of stability - genetic diversity in seagrass
(Posidonia oceanica) meadows yields unexpected results. Estuar. Coasts 33,
878–889. doi: 10.1007/s12237-009-9238-9
Bangert, R. K., Turek, R. J., Martinsen, G. D., Wimp, G. M., Bailey, J. K., and
Whitham, T. G. (2005). Benefits of conservation of plant genetic diversity to
arthropod diversity. Conserv. Biol. 19, 379–390. doi: 10.1111/j.1523-1739.2005.
00450.x
Carpenter, S., Arrow, K., Barrett, S., Biggs, R., Brock, W., Crépin, A.-S., et al. (2012).
General resilience to cope with extreme events. Sustainability 4, 3248–3259.
doi: 10.3390/su4123248
Connolly, R. M., Jackson, E. L., Macreadie, P. I., Maxwell, P. S., and O’brien,
K. R. (2018). “Seagrass dynamics and resilience,” in Seagrasses of Australia, eds
A. W. D. Larkum, G. A. Kendrick, and P. J. Ralph (Dordrecht: Springer).
Crutsinger, G. M., Collins, M. D., Fordyce, J. A., Gompert, Z., Nice, C. C., and
Sanders, N. J. (2006). Plant genotypic diversity predicts community structure
and governs an ecosystem process. Science 313, 966–968. doi: 10.1126/science.
1128326
da Fonseca, R. R., Albrechtsen, A., Themudo, G. E., Ramos-Madrigal, J., Sibbesen,
J. A., Maretty, L., et al. (2016). Next-generation biology: sequencing and data
analysis approaches for non-model organisms. Mar. Genomics 30, 3–13. doi:
10.1016/j.margen.2016.04.012
Diaz-Almela, E., Arnaud-Haond, S., Vliet, M. S., Álvarez, E., Marbà, N., Duarte,
C. M., et al. (2007). Feed-backs between genetic structure and perturbation-
driven decline in seagrass (Posidonia oceanica) meadows. Conserv. Genet. 8,
1377–1391. doi: 10.1007/s10592-007-9288-0
Dorken, M. E., and Eckert, C. G. (2001). The ecological and
evolutionary consequences of clonality in plant mating. J. Ecol. 89,
339–350.
Frontiers in Plant Science | www.frontiersin.org 7 June 2018 | Volume 9 | Article 894
fpls-09-00894 June 27, 2018 Time: 20:21 # 8
Connolly et al. Genotypic Diversity in Resilient Seagrass
Ehlers, A., Worm, B., and Reusch, T. B. H. (2008). Importance of genetic diversity
in eelgrass Zostera marina for its resilience to global warming. Mar. Ecol. Prog.
Ser. 355, 1–7. doi: 10.3354/meps07369
Endler, J. A. (1986). Natural Selection in the Wild. Princeton, NJ: Princeton
University Press.
Evans, S., Verges, A., and Poore, A. (2017). Genotypic diversity and short-
term response to shading stress in a threatened seagrass: does low
diversity mean low resilience? Front. Plant Sci. 8:1417. doi: 10.3389/fpls.2017.
01417
Fisher, R. A. (1930). The Genetical Theory of Natural Selection. Oxford: Clarendon
Press. doi: 10.5962/bhl.title.27468
Futuyma, D. J. (1986). Evolutionary Biology. Sunderland, MA: Sinauer Associates
Inc.
Gibson, A. L., Espeland, E. K., Wagner, V., and Nelson, C. R. (2016). Can local
adaptation research in plants inform selection of native plant materials? An
analysis of experimental methodologies. Evol. Appl. 9, 1219–1228. doi: 10.1111/
eva.12379
Goudet, L. (2002). FSTAT, a Program to Estimate and Test Gene Diversities and
Fixation Indices. Available at: https://www2.unil.ch/popgen/softwares/fstat.htm
Heck, K. L., Carruthers, T. J. B., Duarte, C. M., Hughes, A. R., Kendrick, G.,
Orth, R. J., et al. (2008). Trophic transfers from seagrass meadows
subsidize diverse marine and terrestrial consumers. Ecosystems 11, 1198–1210.
doi: 10.1007/s10021-008-9155-y
Hodgson, D., Mcdonald, J. L., and Hosken, D. J. (2015). What do you
mean, ‘resilient’? Trends Ecol. Evol. 30, 503–506. doi: 10.1016/j.tree.2015.
06.010
Hughes, A. (2010). Disturbance and diversity: an ecological chicken and egg
problem. Nat. Educ. Knowl. 3:48.
Hughes, A. R., Best, R. J., and Stachowicz, J. J. (2010). Genotypic diversity and
grazer identity interactively influence seagrass and grazer biomass. Mar. Ecol.
Prog. Ser. 403, 43–51. doi: 10.3354/meps08506
Hughes, A. R., Inouye, B. D., Johnson, M. T., Underwood, N., and Vellend, M.
(2008). Ecological consequences of genetic diversity. Ecol. Lett. 11, 609–623.
doi: 10.1111/j.1461-0248.2008.01179.x
Hughes, A. R., and Stachowicz, J. J. (2004). Genetic diversity enhances the
resistance of a seagrass ecosystem to disturbance. Proc. Nat. Acad. Sci. U.S.A.
101, 8998–9002. doi: 10.1073/pnas.0402642101
Hughes, A. R., and Stachowicz, J. J. (2011). Seagrass genotypic diversity
increases disturbance response via complementarity and dominance. J. Ecol. 99,
445–453.
Hughes, T. P., Linares, C., Dakos, V., Van De Leemput, I. A., and Van Nes,
E. H. (2013). Living dangerously on borrowed time during slow, unrecognized
regime shifts. Trends Ecol. Evol. 28, 149–155. doi: 10.1016/j.tree.2012.
08.022
Jahnke, M., Olsen, J. L., and Procaccini, G. (2015). A meta-analysis reveals a
positive correlation between genetic diversity metrics and environmental status
in the long-lived seagrass Posidonia oceanica. Mol. Ecol. 24, 2336–2348. doi:
10.1111/mec.13174
Lee, H., Golicz, A. A., Bayer, P. E., Jiao, Y., Tang, H., Paterson, A. H., et al. (2016).
The genome of a southern hemisphere seagrass species (Zostera muelleri). Plant
Physiol. 172, 272–283. doi: 10.1104/pp.16.00868
Leigh, C., Burford, M., Connolly, R., Olley, J., Saeck, E., Sheldon, F., et al.
(2013). Science to support management of receiving waters in an event-
driven ecosystem: from land to river to sea. Water 5, 780–797. doi: 10.3390/
w5020780
Linhart, Y. B., and Grant, M. C. (1996). Evolutionary significance of local genetic
differentiation in plants. Annu. Rev. Ecol. Syst. 27, 237–277. doi: 10.1146/
annurev.ecolsys.27.1.237
Macreadie, P. I., Baird, M. E., Trevathan-Tackett, S. M., Larkum, A. W. D.,
and Ralph, P. J. (2014a). Quantifying and modelling the carbon sequestration
capacity of seagrass meadows – a critical assessment. Mar. Pollut. Bull. 83,
430–439. doi: 10.1016/j.marpolbul.2013.07.038
Macreadie, P. I., York, P. H., and Sherman, C. D. (2014b). Resilience of
Zostera muelleri seagrass to small-scale disturbances: the relative importance
of asexual versus sexual recovery. Ecol. Evol. 4, 450–461. doi: 10.1002/
ece3.933
Massa, S. I., Paulino, C. M., Serrão, E. A., Duarte, C. M., and Arnaud-Haond, S.
(2013). Entangled effects of allelic and clonal (genotypic) richness in the
resistance and resilience of experimental populations of the seagrass Zostera
noltii to diatom invasion. BMC Ecol. 13:39. doi: 10.1186/1472-6785-13-39
Maxwell, P. S. (2014). Ecological Resilience Theory: Application and Testing in
Seagrass Ecosystems. Ph.D. thesis, Griffith University, Nathan.
Maxwell, P. S., Eklof, J. S., Van Katwijk, M. M., O’brien, K. R., De La Torre-
Castro, M., Bostrom, C., et al. (2016). The fundamental role of ecological
feedback mechanisms for the adaptive management of seagrass ecosystems -
a review. Biol. Rev. 92, 1521–1538. doi: 10.1111/brv.12294
Maxwell, P. S., Pitt, K. A., Burfeind, D. D., Olds, A. D., Babcock, R. C., and
Connolly, R. M. (2014). Phenotypic plasticity promotes persistence following
severe events: physiological and morphological responses of seagrass to
flooding. J. Ecol. 102, 54–64. doi: 10.1111/1365-2745.12167
Maxwell, P. S., Pitt, K. A., Olds, A. D., Rissik, D., and Connolly, R. M. (2015).
Identifying habitats at risk: simple models can reveal complex ecosystem
dynamics. Ecol. Appl. 25, 573–587. doi: 10.1890/14-0395.1
McArt, S. H., Cook-Patton, S. C., and Thaler, J. S. (2012). Relationships between
arthropod richness, evenness, and diversity are altered by complementarity
among plant genotypes. Oecologia 168, 1013–1021. doi: 10.1007/s00442-011-
2150-6
Nagelkerken, I., Sheaves, M., Baker, R., and Connolly, R. M. (2015). The seascape
nursery: a novel spatial approach to identify and manage nurseries for coastal
marine fauna. Fish Fish. 16, 362–371. doi: 10.1111/faf.12057
Nei, M. (1978). Estimation of average heterozygosity and genetic distance from a
small number of individuals. Genetics 89, 583–590.
Orth, R. J., Carruthers, T. J. B., Dennison, W. C., Duarte, C. M., Fourqurean, J. W.,
Heck, K. L., et al. (2006). A global crisis for seagrass ecosystems. Bioscience 56,
987–996. doi: 10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
Peakall, R., and Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in
Excel. Population genetic software for teaching and research - an
update. Bioinformatics 28, 2537–2539. doi: 10.1093/bioinformatics/
bts460
Reusch, T. B. H., Ehlers, A., Hammerli, A., and Worm, B. (2005). Ecosystem
recovery after climatic extremes enhanced by genotypic diversity. Proc. Natl.
Acad. Sci. U.S.A. 102, 2826–2831. doi: 10.1073/pnas.0500008102
Reynolds, L. K., Mcglathery, K. J., and Waycott, M. (2012). Genetic diversity
enhances restoration success by augmenting ecosystem services. PLoS One
7:e38397. doi: 10.1371/journal.pone.0038397
Reynolds, L. K., Waycott, M., and Mcglathery, K. J. (2013). Restoration recovers
population structure and landscape genetic connectivity in a dispersal-limited
ecosystem. J. Ecol. 101, 1288–1297. doi: 10.1111/1365-2745.12116
Salo, T., and Gustafsson, C. (2016). The effect of genetic diversity on ecosystem
functioning in vegetated coastal ecosystems. Ecosystems 19, 1429–1444.
doi: 10.1007/s10021-016-0014-y
Savolainen, O., Lascoux, M., and Merila, J. (2013). Ecological genomics of local
adaptation. Nat. Rev. Genet. 14, 807–820. doi: 10.1038/nrg3522
Sherman, C. D. H., Lotterhos, K. E., Richardson, M. F., Tepolt, C. K., Rollins, L. A.,
Palumbi, S. R., et al. (2016). What are we missing about marine invasions?
Filling in the gaps with evolutionary genomics. Mar. Biol. 163:121. doi: 10.1007/
s00227-016-2961-4
Sherman, C. D. H., Stanley, A. M., Keough, M. J., Gardner, M. G., and Macreadie,
P. I. (2012). Development of twenty-three novel microsatellite markers for the
seagrass, Zostera muelleri from Australia. Conserv. Genet. Resour. 4, 689–693.
doi: 10.1007/s12686-012-9623-8
Short, F. T., Polidoro, B., Livingstone, S. R., Carpenter, K. E., Bandeira, S., Bujang,
J. S., et al. (2011). Extinction risk assessment of the world’s seagrass species. Biol.
Conserv. 144, 1961–1971. doi: 10.1016/j.biocon.2011.04.010
Tiffin, P., and Ross-Ibarra, J. (2014). Advances and limits of using population
genetics to understand local adaptation. Trends Ecol. Evol. 29, 673–680. doi:
10.1016/j.tree.2014.10.004
Unsworth, R. K., Collier, C. J., Waycott, M., Mckenzie, L. J., and Cullen-Unsworth,
L. C. (2015). A framework for the resilience of seagrass ecosystems. Mar. Pollut.
Bull. 100, 34–46. doi: 10.1016/j.marpolbul.2015.08.016
Vellend, M., and Geber, M. A. (2005). Connections between species diversity
and genetic diversity. Ecol. Lett. 8, 767–781. doi: 10.1111/j.1461-0248.2005.
00775.x
Waits, L. P., Luikart, G., and Taberlet, P. (2001). Estimating the probability of
identity among genotypes in natural populations: cautions and guidelines. Mol.
Ecol. 10, 249–256. doi: 10.1046/j.1365-294X.2001.01185.x
Frontiers in Plant Science | www.frontiersin.org 8 June 2018 | Volume 9 | Article 894
fpls-09-00894 June 27, 2018 Time: 20:21 # 9
Connolly et al. Genotypic Diversity in Resilient Seagrass
Waycott, M., Duarte, C. M., Carruthers, T. J., Orth, R. J., Dennison, W. C.,
Olyarnik, S., et al. (2009). Accelerating loss of seagrasses across the globe
threatens coastal ecosystems. Proc. Natl. Acad. Sci. U.S.A. 106, 12377–12381.
doi: 10.1073/pnas.0905620106
Whitham, T. G., Bailey, J. K., Schweitzer, J. A., Shuster, S. M., Bangert, R. K., Leroy,
C. J., et al. (2006). A framework for community and ecosystem genetics: from
genes to ecosystems. Nat. Rev. Genet. 7, 510–523. doi: 10.1038/nrg1877
Whitlock, R. (2014). Relationships between adaptive and neutral genetic diversity
and ecological structure and functioning: a meta-analysis. J. Ecol. 102, 857–872.
doi: 10.1111/1365-2745.12240
York, P. H., Smith, T. M., Coles, R. G., Mckenna, S. A., Connolly, R. M., Irving,
A. D., et al. (2017). Identifying knowledge gaps in seagrass research and
management: an Australian perspective. Mar. Environ. Res. 127, 163–172. doi:
10.1016/j.marenvres.2016.06.006
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The handling Editor is currently co-organizing a Research Topic with one of the
authors PIM, and confirms the absence of any other collaboration.
Copyright © 2018 Connolly, Smith, Maxwell, Olds, Macreadie and Sherman. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 9 June 2018 | Volume 9 | Article 894
